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 In this paper, the Dual band modified split square resonator (MSSR) 
metamaterial (MM) structure was designed and numerically investigated at 
millimetre wave (mm-Wave) frequency range. The proposed structure 
operated at two resonance frequencies 28 GHz and 32.54 GHz. The dual-
band behaviour of the proposed structure because of the self and mutual 
coupling between two metallic squares of the structure. Furthermore, The 
MSRR structure performed very well at both resonance frequencies by 
providing high transmission coefficient, S21, with a loss of -0.3 dB (0.97 
linear scale) at lower resonance frequency 28 GHz and -0.18 dB (0.98 linear 
scale) at upper resonance frequency 32.54 GHz. In this regard, the numerical 
simulation was conducted to optimize the MSSR structure in such a way that 
the ratio of effective inductance-to-capacitance (L/C) was raised. As a result, 
the inherent MM losses were reduced. The robust retrieval algorithm was 
utilized to reconstruct the refractive index, effective permittivity, and 
effective permeability and to verify the left-hand property of the proposed 
structure. The simulation results showed that the MSSR unit cell introduces 
two regions of the negative refractive index below the lower resonance 
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1. INTRODUCTION  
Since the first experimental validation of the metamaterials (MMs) in 1998 [1], these artificial 
materials have attracted a lot of attention within the scientific community for different frequency bands 
applications [2]. MMs are defined as an artificial periodic structure with unique electromagnetic 
characteristics not found in nature. The base theory of these materials is introduced by Russian scientist 
veslago in 1967 [3]. The unusual electromagnetic characteristics of the MMs enable a lot of practical 
applications such as using the MMs for shielding, clocking, transfer power, enhance antenna performance, 
superlens, resolution imaging enhancers [4-9].  
The design of low loss MMs structures in microwave frequent range and mm-Wave frequency range 
is a very important issue which needs to be addressed in the field of electromagnetic research. Furthermore, 
the design of multi-band MMs had also been investigated in the literature [10, 11]. In [12] a dual band of the 
U-shaped resonator is investigated with the help of on different metallic conductivity. Multi-band periodic 
square metallic layer with T-Shaped gap operating at terahertz band has been studied and              
investigated in [13].  
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In recent times, the inherent loss in the MMs structures becomes a great challenge, which in turn 
limits the MMs’ potential applications and late enable MMs based devices, especially at high frequencies 
range such as mm-Wave frequency range [14]. These losses are increased when the frequency is pushed to 
high frequency range [15]. The MMs losses are induced by two components which are ohmic losses (i.e. the 
dissipation energy due to the intrinsic ohmic losses of the conducting layer of the MM structure) and 
radiation losses (i.e.  MM structure scatters the electromagnetic wave away from the incident wave) [16]. 
Generally, the transmission coefficient (S21) is used to measure the losses in the MM structures. The near 
zero value (dB scale) and near unity (linear scale) of S21 represent low loss behavior [17]. In the literature, 
several techniques have been proposed to reduce the inherent MMs losses, where the most of these structures 
offer single-band low loss behavior [18-22]. The tailoring geometry can reduce the losses of the structure by 
avoiding the corners and sharp edges [18]. Several methods have been proposed to reduce the losses by 
canceling the radiation losses [19] and by using electromagnetically induced transparency (EIT) phenomenon 
[20, 21]. Also, using high inductance-to-capacitance ratio (L/C) to mitigate the losses of the MM structure 
[22]. On the other hand, in the literature, few reports have been studied the multi-band low loss MM 
structures at microwave frequency range [23-24]. 
In this paper, MSSR structure is proposed to operate at mm-Wave with dual-band characteristics. 
This structure operates at 28 GHz and 23.54 GHz. The dual-band observed for the proposed unit cell due to 
the self and mutual coupling between two split squares of the structure. Moreover, the MM structure 
introduces a low loss at two resonance frequency. In this regard, the ratio of effective inductance-to-
capacitance (L/C) should be increased by optimizing the parameters of the proposed structure during the 
numerical simulation. As a result, the inherent MM losses are reduced. The constitutive parameters are 
retrieved using a well-known algorithm to verify the left-hand property of the proposed structure. 
 
 
2. DESIGN OF THE MM STRUCTURE 
The geometry of the proposed MSSR structure and the structural parameters of the simulation setup 
of the single MSSR unit cell are depicted in Figure 1 (a) and (b). The two split squares are printed on the 
front side of the Rogers RT5880 with relative permittivity 2.2, tangent-loss of 0.0009, and a thickness of 
0.381 mm.  The material of the metallic MSSR is the lossy metal copper with an electric conductivity of σ=  
5.8 x 10^7 S/m and the thickness of 0.035 mm. the simulation setup of the MSSR is shown in Figure 1(b) 
with ax=2.2 mm, ay=2.2 mm and az =3 mm. the geometry specifications of the proposed structure are 
tabulated in Table 1. MM structures are considered as an LC circuit because of their small size in comparison 
with operating wavelength. The MSSR unit cell is much smaller than the operating wavelength (<λ/4) 
thereby it represents by LC circuit model. Figure 1(c) displays the equivalent circuit model of the MSSR. The 
squares loops of the MSSR structure induce inductive effect, while the gaps of the structure induce the 
capacitive effect. These parameters can control the resonance characteristic of the MM structure. The 
equivalent circuit is composed of fourteen self-inductances and six capacitances. As shown In Figure 1(a), 
the MSSR structure is a symmetry structure regarding both x- and y-axes. The vertically incident 
electromagnetic wave induces a current on the metallic layer which introduces self-inductances in each 
conducting strip. On the other hand, the gaps of the structure act as capacitances. 
 
 
Table 1. The geometry specifications of the proposed MSSR structure 














To induce the electromagnetic (EM) wave and to retrieve the constitutive parameters of the 
proposed structure, the electric field is allocated along the x-axis and the magnetic field is assigned with y-
axis. The wave has been let through by opening the z-direction. The unit cell is simulated in the time domain 
using CST Microwave Studio. 
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Figure 1. The proposed MSSR structure, a) schematic view, b) simulation setup, and c) equivalent circuit 
 
 
3. METHODOLOGY OF MM LOSS REDUCTION 
The main intention of this work is to design dual-band MM structure with low loses at mmWave 
frequency range. In our design, the conducting strips of the structure are increased because of the connection 
of the outer square strip to the inner one, thereby the self-inductance is increased. Moreover, the capacitance 
is also raised due to the increase in the structure’s gaps. Hence, the resonance frequency is dropped swiftly 
f=1/2π√LC. However, the inductance of the structure is excessively high in comparison with the capacitance.  
In the RLC circuit, the losses depend on the Q factor and the parameters of the circuit. The Q-factor is 
expressed as Q= (I/R) *√ (L/C). The decrease in the capacitance and resistance or the increase in the 
inductance causes an increase in the Q-factor and thereby reducing the circuit losses. To reduce the resistance 
effect, a good conducting material with good conductivity should be chosen through the design. On the other 
hand, the geometric parameters of the structure are controlling the values of L and C. By altering the 
geometric parameters of the structure, the values of L and C can be changed easily. Here, the losses reduction 
of the proposed structure can be obtained by exploiting the resonance circuit parameters L and C. The strip 
length and width and the gaps of the structure are optimized through the simulation in such way that the L/C 
ratio is incremented and thereby the losses are extremely reduced. By implementing this method, the loss of 
the circular spiral split-ring resonators is mitigated [22]. 
 
 
4. RESULTS AND ANALYSIS 
4.1. S-parameters and MM losses 
The simulated reflection and transmission coefficients results of the proposed MSSR structure are 
shown in Figure 2. As can be seen, the MSSR structure operates at two resonance frequencies, 28 GHz and 
32.54 GHz. The electromagnetic wave totally passes through the unit cell within the bands of 27.57 GHz to 
28.42 GHz and 32.35 GHz to 32.8 GHz. Here, the simulation results achieve a return loss of -28.8 dB and a 
bandwidth of 0.85 GHz at 28 GHz and a return loss of -26.3 dB and a bandwidth of 0.45 GHz at 32.54 GHz. 
Despite the drawback of the narrow bandwidth of MM, the MSSR achieves a good bandwidth at two 
resonance frequencies. 
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Figure 2. Transmission and reflection coefficients of the proposed MSSR structure 
 
 
The inherent loss in the MM structures becomes a great challenge in a practical environment. These 
losses need to be studied more and addressed. The new MM structure with low loss behavior is in high 
demand especially at the high-frequency range where the inherent MM losses are raised when the frequency 
is increased. Figure 2 displays the simulated transmission coefficient result of the proposed MSSR structure. 
The MSSR structure introduces low loss behavior at the two resonance frequencies. At lower resonance 
frequency 28 GHz, the simulated transmission coefficient, which is the losses measure, is -0.3 dB (0.97 linear 
scale) and -0.18 dB (0.98 linear scale) at upper resonance frequency 32.54 GHz. The proposed structure 
achieves almost full transmission at both resonance frequencies. 
Figure 3 (a) and (b) shows the simulated surface current of the proposed MM structure at tow 
resonance frequencies, 28 GHz and 32.54 GHz, respectively. For Figure 3(a), the surface current is 
concentered more at the top left corner and bottom right corner of the MSSR structure and this arrangement 
induces the lower resonance frequency which is 28 GHz. On the other hand, the surface current is focused 
more at the top right side which extends to the outer edge of the inner square and bottom left side of the 
MSSR structure and this arrangement contributes to exciting the upper resonance frequency which is 32.54 





Figure 3. The simulated surface current of the MSSR structure a) at 28 GHz b) at 32.54 GHz 
 
 
4.2. Constitutive parameters  
The effective-medium theory is used as the most common method to model the MMs structures. In 
this regard, some procedures and processes are implemented on the electric and magnetic fields of the MM 
structures. As a result, the constitutive parameters (effective permittivity, permeability, and refractive index) 
of the MM structure can be calculated. In this paper, the robust retrieval algorithm is utilized to reconstruct 
the effective constitutive parameters of the proposed structure [25]. To extract the desired constitutive 
parameters, the CST Microwave Studio–based time domain solver is used to determine the complex 
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reflection and transmission properties of the proposed structure. After obtaining the complex S-parameters 
values the effective refractive index n and impedance z can be calculated. Subsequently, the permittivity and 
permeability can be calculated by using the ε = n×z and μ = n/z. The numerical simulation of the real and 
imaginary results of the refractive index is illustrated in Figure 4. The double negative nature of the MSSR 
structure is proven here by the negative refractive index, n at the dual-band 28 GHz and 3.54 GHz with 
values of -22 and -14, respectively. The negative refractive index is discussed in the range of 25 to 34 GHz. It 
can be seen that the proposed structure introduces two regions of the negative refractive index below the 
resonance frequency at lower-frequency band 28 GHz and above the resonance frequency at upper-frequency 
band 32.54 GHz. From the refractive index and impedance calculations, the effective permittivity and 
permeability are calculated using robust retrieve algorithm. Figures 5 and 6 show the real and imaginary 
effective permittivity and permeability of the proposed MSSR structure, respectively. It is noticeable that, 
effective permittivity and permeability are negative at the two resonance frequencies. Moreover, the 
proposed MSSR structure offers two regions of the negative permittivity below the lower resonance 
frequency 28 GHz and above and below the upper resonance 32.54 GHz. On the other hand, MSSR structure 
provides two regions of the negative permeability below and above the two resonance frequencies 28 GHz 










Figure 5. The simulated real and imaginary effective permittivity results of the proposed MSSR structure 
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In summary, the low loss modified split square resonator (MSSR) structure with dual-band 
characteristics is studied and numerically investigated.  The MSSR operates at mm-Wave frequency range 
with two resonance frequencies 28 GHz and 32.54 GHz. The surface current at two resonance frequencies is 
presented and discussed to explain the dual-band characteristics. Furthermore, the low loss behaviour of the 
proposed structure is discussed at both resonance frequencies. The losses reduction of the proposed structure 
can be obtained by exploiting the resonance circuit parameters L and C. The strip length and width and the 
gaps of the structure are optimized through the simulation in such way that the inductance-to-capacitance 
(L/C) ratio is incremented. As a result, the inherent MM losses are extremely reduced. The constitutive 
parameters are reconstructed using robust retrieve algorithm. The double negative nature of the proposed 
structure is verified by the negative refractive index at both resonance frequencies.  The MSSR unit cell 
provides two regions of the negative refractive index below 28 GHz and above 32.54 GHz. For the 
permittivity, the two negative regions are below 28 GHz and above and below 32.54 GHz while the two 
regions of the negative permeability are below and above both resonance frequencies 28 GHz and 32.54 
GHz. The proposed structure has been investigated through the simulation. This study recommends as a 
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